A standard Si/SiGe ASM CVD reactor that was recently modified for merging GaAs and Si epitaxial growth in one system is utilized to achieve intrinsic and doped epitaxial Ge-on-Si with low threading dislocation and defect densities. For this purpose, the system is equipped with 2% diluted GeH 4 as the main precursor gas for Ge deposition; and 0.7% diluted AsH 3 and B 2 H 6 precursor gases as well as a TriMethylGallium (TMGa) bubbler system for As, B and Ga doping of epitaxial Ge, respectively. The quality of Ge epitaxy on Si is investigated by plan-view and cross-sectional transmission electron-microscopy (TEM) and atomic-force microscopy (AFM) analysis.
Introduction
Attractive properties of Ge, such as its high mobility and low energy bandgap as well as its matching lattice constant with GaAs, have always been of interest to the semiconductor industry. Additionally, Ge substrates offer certain advantages over GaAs substrates: high crystallographic perfection, high mechanical strength and germanium has better recyclability. Nowadays, Ge is widely applied in infrared (IR) optoelectronics, as an epitaxy substrate for III-V multi-junction solar cells, for SiGe alloying in state-of-theart CMOS technology, in radiation-hard materials for the fabrication of nuclear-radiation detectors, and it is playing a major role in high performance fiber-optic systems [1] . At present, single crystals grown by the Czochralski technique provide the closest to perfect Ge material. However, the desire to merge Ge with Si to lower the price and for better compatibility with Si CMOS technology has led to development of a variety of techniques to grow crystalline Ge epitaxially on Si substrates [2, 3, 4] . For this purpose many studies have aimed at overcoming the lattice-mismatch of 4.2% between Ge and Si and some reports of good quality Ge-on-Si have appeared for approaches such as those using SiGe buffer layers [5] and [6] , lateral overgrowth [7] and aspect ratio trapping (ART) by growth in high aspect ratio trenches [8] [9] . However, Ge epitaxial growth on SiGe buffer layers that can be as thick as a micron or so, still results in some degree of dislocations degrading the quality of the Ge [10] , and the lateral overgrowth and ART techniques developed up until now are dependent on critical nano-scale patterning and selective growth over window sizes in the 100 nm range. In this article, we present a Chemical Vapor Deposition (CVD) technique for selective growth of epitaxial Ge on Si substrates that allows low defect growth with crystalline Ge in tens of microns large window sizes. It is shown that most of the defects due to lattice mismatch are localized at the interface and disappear within the first 200 nm of growth.
The epitaxy is performed in a standard ASM Epsilon 2000 CVD reactor for Si/SiGe deposition. For the further processing of the Ge-islands, we have made use of the fact that the available system was recently modified for merging GaAs and Si epitaxial growth in one reactor, thus allowing the integration of good-quality crystalline intrinsic/doped layers of GaAs, Ge and Si, all in one system [11] . The quality of the Ge growth on Si is studied by plan-view and cross-sectional transmission electron microscopy (TEM) and atomic force microscopy (AFM). Also lateral overgrowth of Ge over SiO 2 has been investigated. It is shown that Ge lateral overgrowth from both sides joins perfectly on top of the oxide without any defect formation at the interface. This is specifically promising for fabrication of Ge-onInsulator wafers with Si as substrate.
Experimental procedure

Epitaxial Ge growth
This process is carried out in an ASM Epsilon 2000, 100 mm CVD system, that is designed for the epitaxial growth of Si and SiGe compounds. The system is equipped with SiH 2 Cl 2 and GeH 4 gas lines as main precursors for deposition of Si and Ge respectively; and B 2 H 6 , PH 3 , AsH 3 and SiH 3 CH 3 gas lines for different dopings. The system was extended with a trimethylgallium (TMGa) bubbler system to allow the deposition of Ga and GaAs in addition to the standard Si and SiGe depositions. The temperature of the reactor can controllably reach up to 1200ºC by the integrated heating lamps. For chemical vapor deposition, a 100 mm Si wafer is located on top of a graphite susceptor which rotates during the deposition process while the gas precursors flow parallel to the surface of the wafer. To study the epitaxial growth of Ge on Si, 100 mm n-or p-type Si wafers were used as the starting material. Experiments were performed with less than 1 µm SiO 2 first being deposited on the surface of the wafers and the areas where Ge deposition is desired are opened by plasma etching to the Si with soft landing. Just before loading in the CVD reactor a HF dip-etch and Marangoni cleaning are performed, while in the reactor a 2-min baking step at 850°C is used in order to ensure that the surface is free of native oxide. Then diluted GeH 4 gas is introduced into the reactor chamber at a pressure of 20 Torr. Growth temperatures from 550˚C to 700˚C were found to render good selectivity to the exposed Si surface with only very few Ge nuclei forming on the oxide masking regions. It is shown that at the deposition temperature of 700˚C, most of the lattice mismatch defects are trapped within first 300 nm of Ge growth. This is basically due to interdiffusion of Ge and Si that occurs at this deposition temperature at the interface and hence, good quality single crystal Ge can be achieved within a layer thickness of approximately 1 µm on window sizes up to hundreds of μm 2 .
Results and discussions
In order to investigate the growth and overgrowth of Ge on Si, different patterns were designed in the SiO 2 masking layer. Fig. 1a illustrates the schematic top view of four different samples of the original mask that were studied while Fig. 1b shows the SEM images of Ge epitaxy grown on Si in the corresponding patterns for a growth temperature of 700˚C. For simplicity, in this paper these four patters are referred as sample # 1, 2, 3 and 4, labeled accordingly in Fig.1 From samples # 2 and 3 in Fig. 1 , one can observe a very smooth surface of the Ge grown selectively on Si at 700˚C even for the large size of 10×10 µm 2 while samples # 1, 2 and 4 show that the Ge lateral overgrowth from different sides appears to join perfectly on top of the SiO 2 . From Fig.1 it is also evident that for the same deposition conditions, different thicknesses result on the different geometries. This happens due to surface diffusion of the material deposited on SiO 2 surface to the windows, which is a well-known loading effect. As a result, the larger open Si areas display a lower growth rate. The very smooth surface of the Ge grown at 700˚C is substantiated by AFM imaging as shown in Fig. 2 for the selective epitaxial growth of Ge on Si in window-sizes of 30×30 µm 2 . The Ge thickness is around 1 µm. A surface roughness of 4.3 Å RMS by AFM indicates a smooth surface of Ge and the high quality of the growth. Most of the roughness is observed at the sides of the grown Ge while the center of the surface is considerably smoother. Plan-view and cross-sectional TEM imaging was used to get a better picture of the quality of Ge films with over-growth and the quantity of threading dislocations. Fig. 3 shows a plan-view TEM image taken from sample # 4. The threading dislocation density was counted to be ~10 7 cm -2 within a ~26 µm 2 large area. The TEM covers both grown and over-grown areas without any visible interface. From Fig. 3 it is confirmed that the overgrowth from different sides can join and cover the SiO 2 without generating defects at the interface. The threading dislocation was counted to be ~10 7 cm -2 .
Lateral overgrowth of Ge over SiO 2 has been further studied by cross-sectional TEM imaging of sample # 1 (Fig. 4) . From Fig. 4a , it is once again evident that Ge lateral overgrowth from both sides joins perfectly on top of the oxide without any defect formation at the interface. This is specifically promising for fabrication of Ge-onInsulator wafers with Si as substrate. In Fig. 2b a lattice image of the Ge crystal is shown.
(a) (b) Fig. 2 . a) Cross-sectional TEM image of selective epitaxial Ge-on-Si with lateral overgrowth on SiO 2 and b) a high-resolution TEM image of the Ge crystal at a thickness of 500 nm.
